Plasmids that share homology with the Haemophilus influenzae chromosome transform wild-type cells more efficiently than they transform recombination-defective mutants. A 5.2-kilobase-pair chromosomal fragment containing the strA gene of H. influenzae was found to promote efficient plasmid establishment in recombination-defective mutants. A cis-acting element in the insert, called rpe for rec-less plasmid establishment, promoted plasmid transformation in rec-1 and rec-2 mutants without suppressing the recombination defects of these strains. The rpe locus increased plasmid transformation in wild-type cells without interfering with the pathway of plasmid establishment that is dependent on recombination functions.
Plasmids that share homology with the Haemophilus influenzae chromosome transform wild-type cells more efficiently than they transform recombination-defective mutants. A 5.2-kilobase-pair chromosomal fragment containing the strA gene of H. influenzae was found to promote efficient plasmid establishment in recombination-defective mutants. A cis-acting element in the insert, called rpe for rec-less plasmid establishment, promoted plasmid transformation in rec-1 and rec-2 mutants without suppressing the recombination defects of these strains. The rpe locus increased plasmid transformation in wild-type cells without interfering with the pathway of plasmid establishment that is dependent on recombination functions.
Competent Haemophilus influenzae cells can acquire plasmids by transformation. If the transforming plasmid and the recipient chromosome share no homology or if a recombination-deficient strain is transformed by a recombinant plasmid, establishment occurs at a low frequency (10, 16) . When recombination between the plasmid and the chromosome is possible, the frequency of plasmid establishment increases by up to several orders of magnitude (16) . The mechanism by which recombination functions promote plasmid establishment is not known. Pairing between homologous segments of the incoming plasmid and the recipient chromosome might promote the repair of partially degraded plamids and protect them from further breakdown (14, 16) .
We isolated a recombinant plasmid (called pKLT1) that contained the strA gene within a 5.2-kilobase (kbp) chromosomal fragment. A cis-acting locus adjacent to the strA gene (called rpe for rec-less plasmid establishment) was found that caused plasmid establishment to be independent of the recombination ability of the recipient cell. The rpe locus did not promote establishment by suppressing the recombination defects associated with rec-l and rec-2 mutants.
MATERIALS AND METHODS
Strains and media. BC200 (wild type) and the recombination-defective strains rec-l and rec-2 were described previously (3, 5, 13) . All strains were grown in brain heart infusion broth supplemented with hemin (10 ,ug/ml) and NAD (2 p.g/ml). Competence was induced by incubating the cells in MIV minimal medium (18) .
Plasmids. pDM2 and pDM5 were constructed by cloning the chloramphenicol resistance and tetracycline resistance genes, respectively, from p2265 into pRSF0885 (Apr) (9) . The H. influenzae pDM2 chromosomal library was composed of plasmids from 815 independently isolated recombinant clones (9) . Cloned chromosomal Strr alleles were converted into cloned Strs alleles by transforming BC200 with recombinant plasmids that encoded Strr and selecting for Strs plasmid transformants (15, 16) .
Plasmid purification. Large-scale plasmid preparations (from 1-to 2-liter cultures) were made as described before except that the RNase treatment was omitted (8) . Small-* Corresponding author. scale plasmid preparations (from 6-to 20-ml cultures) were made as described by Birnboim and Doly except that the lysozyme treatment was not required to lyse H. influenzae (7) .
In vitro generation of deletion mutations. Deletion mutations were generated by ligating partial restriction endonuclease digests of pKLT1.
Generation of restriction endonuclease maps. Restriction maps were constructed on the basis of multiple restriction digests and by comparison of restriction digests of deletion derivatives with similar digests of the parent plasmid.
RESULTS
Isolation and physical mapping of a chromosomal fragment that encodes the strA gene. Strs rec-l and Strs rec-2 recombination-defective mutant strains were transformed with a plasmid library of PstI chromosomal fragments that was derived from the recombination-proficient strain Rd-8 (9) . Plasmids that encoded the strA gene were isolated from each of the recombination-defective strains by selecting for transformants that were resistant to 250 ,ug of streptomycin per ml. Figure 1 contains a restriction map of the cloned strA region. The appearance of an internal PstI site in the pKLT1 insert presumably reflected an authentic linkage between the two Pstl fragments because the chromosomal inserts were produced by partial PstI digestion. Moreover, the ligation conditions that were used to generate the library made it highly unlikely that two PstI fragments would be introduced into the same recombinant plasmid (9) .
The restriction and deletion maps of pKLT1 ( Fig. 1) were consistent with the published association of the strA marker with specific PstI and EcoRI restriction fragments of RD-8 DNA (6). Digestion of RD-8 DNA with XhoI produces a 13-kbp fragment that encodes the strA and kanA genes (6) . This information was used to determine the orientation of the restriction map in Fig. 1 relative to kanA and rec-l, which were not included in the pKLT1 insert.
We localized the sequences responsible for plasmidencoded phenotypes by constructing a deletion map of pKLT1 (Fig. 1) . Some of the deletions extended into vector sequences (Fig. 2) Identification of a chromosomal sequence in pKLTl that causes plasmid establishment to be independent of the rec-l and rec-2 genes of the recipient cell. Part of the data in Fig. 3 reproduce an earlier report relating plasmid transformation frequencies to the sizes of cloned chromosomal inserts that lack rpe (1). pDM2 transformed BC200 and the rec-2 mutant at relatively low frequencies (Fig. 3) because it lacked both an uptake sequence and homology with the recipient chromosome. Balganesh and Setlow showed that the insertion of chromosomal DNA into pDM2 increased plasmid transformation of both BC200 and the rec-2 mutant when relatively low concentrations of transforming plasmid DNA were used (1). The portion of this increase that was seen in rec-2 transformation was presumably due to the introduction of uptake sequences into plasmid DNA (1). We did not observe an increase in transformation of the rec-2 mutant as a result of the insertion of chromosomal fragments into pDM2 (Fig.  3) . Our results might not be inconsistent with those of Balganesh and Setlow, because we used saturating concentrations of transforming plasmid DNA that presumably compensated for the absence of uptake sites in pDM2. The additional increases in plasmid transformation that were specific for BC200 presumably occurred because homology between the plasmids and the chromosome allowed the recombination functions to promote plasmid establishment (1, 16).
pKLT1 and its rpe+ derivatives differed from all the other recombinant plasmids because they appeared to transform both BC200 and the rec-2 mutant at elevated frequencies, as compared with the frequencies of transformation seen with equivalent amounts of pDM2. plasmid establishment in the rec-J and rec-2 mutants. Therefore, these deletions define rpe, which is the determinant of enhanced plasmid transformation in the rec-2 background.
The shapes of the transformation curves in Fig. 3 imply that recombination functions and the rpe locus promoted plasmid establishment by different mechanisms. Transformation of BC200 by plasmids that lacked rpe was sensitive to insert size, while plasmid transformation that was promoted by the rpe locus was insensitive to insert size. Increases in plasmid transformation (relative to pDM2 transformation) that were caused by recombination and the rpe locus were calculated for selected insert sizes by using the plots in Fig.   3 . A composite transformation curve that was based on these calculations was superimposable on the measured frequencies of BC200 transformation by the rpe plasmids (Fig. 3) . This result suggested that the rpe-dependent pathway and the recombination pathway could both contribute to plasmid establishment in BC200.
The enhanced ability of rpe plasmids to transform the rec-2 mutant reflected an independence of plasmid establishment from recombination functions in general rather than a specific independence from the rec-2 gene. pDM25 transformed the rec-J mutant at a 12.4-fold higher level than did an equivalent amount of pDM2. Other Identification of a cloned chromosomal sequence that causes plasmid instability. Strains that contained pKLT1 were found to generate cured cells at higher frequencies than were strains that contained pDM2. Figure 4 shows a typical assay of plasmid stability. Over 90% of the cells from the rec-2(pKLT1) culture became Cams during 16 generations of growth in brain heart infusion broth in the absence of chloramphenicol. The rec-2(pDM2) culture showed no evidence of curing during the same period of growth in the absence of chloramphenicol. Plasmids with deletions that removed 1.1 kbp from the right side of the insert (a deletion of the rightward EcoRI fragment) were as stable as pDM2.
This region was named pin for plasmid instability. We could not identify the left edge of pin precisely because we did not have deletions that extended far into the insert from the left.
The pin locus might not have directly interfered with plasmid maintenance. Cured cells were generated less frequently in BC200 than in the other strains that were examined (data not shown). This effect is reminiscent of the behavior of cells that contain pNovl, whose instability is due to the induction of the defective prophage in derivatives of strain Rd (17) . Therefore, it is possible that the pin locus increased the incidence of cured cells by frequently inducing the defective prophage and depleting the culture of plasmidbearing cells. Differences in the generation times between cured cells and cells that contained pKLT1 might also have contributed to the apparent instability of pKLT1.
We determined that rpe interacted with pin by measuring the stability of pDM17, a pKLT1 derivative that lacked rpe. The removal of rpe caused a moderate increase in the stability of the plasmid (Fig. 4) . The rpe locus alone could not cause high levels of instability of pKLT1, because we could isolate mutated plasmids that had lost the instability phenotype but still encoded the Rpe phenotype.
Inability of the rpe locus to suppress the genetic transformation defects associated with the rec-1 and rec-2 mutations. We measured the abilities of rec-J(pKLT1) and rec-2(pKLT1) strains to undergo genetic transformation to determine if pKLT1 can promote recombination between the cell chromosome and other transforming DNAs. Cells that contained plasmids were transformed with DNA from a strain that is resistant to rifampin. BC200 cells that contained pDM2 were transformed to Rif' at a relatively high frequency (0.06%), reflecting the presence of an active recombination system. The rec-J(pDM2) and rec-2(pDM2) strains were transformed to Rif' at low frequencies, consistent with the levels expected for cells with defects in the rec-1 and rec-2 genes (Table 1 ). The presence of pKLT1 in the rec-1 and rec-2 strains did not enhance their transformation abilities because the level of transformation to Rif' was as low in these strains as it was in comparable strains that contained pDM2 (Table 1) . cis-Acting element encoded by rpe. The inability of resident pKLT1 to promote transformation by chromosomal fragments paralleled the inability of pDM25 to promote recombination-independent establishment of other transforming plasmids. pDM25 encodes rpe but lacks the rest of the pKTL1 insert, including the pin locus (Fig 2) . The absence of the pin locus reduced the chance that the resident plasmid would interfere with transformation by another plasmid. A saturating amount of pDM5 was used to transform rec-J strains that contained pDM2, pDM25, or no plasmid. The presence of resident pDM2 caused a threefold reduction of pDM5 transformation, as compared with the level seen in cells that lacked a plasmid (data not shown). This effect was due presumably to incompatability between pDM2 and pDM5. No significant difference could be seen between the frequencies of pDM5 transformation in competent rec-J(pDM2) (1.2 x 10-5) and rec-l(pDM25) (9.6 x 10-6) strains.
The inability of pDM25 to promote recombinationindependent transformation by other pDM2-based plasmids implies that the rpe locus encodes a cis-acting element. DISCUSSION Transformation of H. influenzae by linear and circular DNAs is accompanied by extensive degradation of the transforming molecules. Donor DNAs initially enter transformasomes without suffering strand breaks; however, translocation of linear DNA from the transformasome into the interior of the cell (translocation) is apparently coupled with an exonuclease activity that degrades one of the strands (2, 11) . The translocated strand is susceptible to further degradation if synapsis does not occur with a resident sequence (2, 11) . Circular transforming molecules do not readily undergo translocation until they suffer a doublestrand break while in transformasomes (4) . The conversion of circular molecules into linear forms by a transformasomeassociated endonuclease presumably allows plasmids to enter the cell as single-stranded molecules (3) .
If no homology is shared between the transforming plasmid and the resident chromosome, the translocated plasmid strand should be extensively degraded following its entry into the cell. It is not clear how plasmids that lack homology with recipient DNA can transform the recipient if they are subjected to extensive degradation during translocation. Plasmids that lack chromosomal inserts appear to enter competent cells through transformasomes, including the rare plasmids that successfully transform recipient cells (10) . Therefore, all transforming plasmids are susceptible to degradation. Plasmids that successfully transform recipient cells are not reconstructed from interactions among translocated plasmid strands, since transformation by monomer plasmids shows a linear relationship with transforming DNA concentration (10). Stuy proposed that a small fraction of transforming molecules can enter the cell from transformasomes without becoming extensively degraded because they presumably bypass the translocation machinery (19) . Therefore, it is possible that the majority of transforming plasmids are destined for extensive degradation, while the rare molecules that enter the cell without being damaged are responsible for plasmid transformation.
The recombination functions of the recipient apparently allow plasmids with chromosomal inserts to transform at relatively high frequencies by promoting the reconstruction of degraded plasmids that enter the cell via the normal translocation process (14, 16) . The fact that recombinant plasmids acquire chromosomal genetic markers by a copychoice mechanism implies that synapsis between singlestranded plasmid and chromosomal sequences often provides primers and templates for the repair of degraded plasmids (14) .
Although several explanations for rpe action are possible, we favor the notion that the rpe locus increases the number of plasmids that "leak" into the cell and avoid being processed into single-stranded forms. The dependence of plasmid establishment on recombination functions would be eliminated in this model because the plasmids would enter as double-stranded molecules. If primers and templates were needed for the repair of strand breaks, they would be part of the predominantly double-stranded plasmid molecule, and so pairing between the plasmid and the resident chromosome would not be necessary to promote plasmid reconstruction.
The concept of rpe-mediated leakage from transformasomes is attractive because it can explain other observations associated with transformation of the strA rec-l region. Markers in the strA gene transform at a relatively low frequency, as compared with other chromosomal markers that map far from rpe. In our model, the rpe locus would cause a relatively high frequency of molecules that contain the strA gene to enter the cell without being processed into the single-strand form that is presumably favorable for recombination. The leakage of linear molecules from transformasomes normally occurs at a very low frequency (19) . The leakage model can also explain the expression of the rec-J gene on unintegrated transforming DNA (12) . It is hard to reconcile the expression of a gene on a transforming fragment with its conversion into a single-stranded form following translocation. In the leakage model, the rpe locus could promote expression of the closely linked rec-J gene by allowing it to frequently enter the cell in a double-stranded form that is suitable for transcription.
